Introduction
The world population is aging at an unprecedented and accelerating rate. 1 Correspondingly, the US population is aging faster than at any other time in history, 2 with the current number of Americans aged 65 years or older projected to more than double to 98 million by 2060. 3 Older age is a nonmodifiable risk factor for a number of chronic diseases, including type 2 diabetes (T2D). 4, 5 In the US, the 65 and older demographic has approximately twice the rate of diabetes relative to the overall adult population (25.9% vs 12.3%). 
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Boye et al Diabetes is especially burdensome in later life. Older persons with the disease have worse health, greater disability, and a higher risk of institutionalization relative to seniors without it. 7, 8 Additionally, seniors with diabetes have higher all-cause death rates compared to the general public 9 and more diabetes-related resource use, costs, and death relative to the overall population with diabetes. 10 In economic terms, the average, annual, excess expenditures related to diabetes are approximately three times as high for an older patient relative to a patient under 45 years of age ($11,825 vs $4,394) and approximately twice as high relative to an individual 45 to 64 years of age ($11,825 vs $5,611). 10 Given that T2D accounts for 90%-95% of adult cases of diabetes, 6 the majority of this burden is due to T2D.
Current guidelines for the treatment of diabetes among older patients suggest a multifaceted approach that includes glucose-lowering pharmaceutical therapy, 11 and a number of studies have suggested that T2D patients can substantially mitigate various adverse outcomes simply by taking their medication as prescribed. For instance, higher adherence rates for glucose-lowering agents (GLAs) have been shown to reduce hospitalizations and/or emergency room (ER) visits, [12] [13] [14] [15] [16] [17] complications, 13, 18, 19 and costs. 14, 17, [20] [21] [22] [23] However, limited research has focused on adherence among older patients with T2D, 17, 24 and relatively few studies have had a broad enough scope to encompass all classes of GLAs, much less the newer GLAs. [14] [15] [16] 19, 22 Given the aging of the US population as well as the high prevalence and burden of T2D among American seniors, the present study used a large claims database to examine relationships among GLA adherence and costs, acute-care resource utilization, and acute complications in a population of older patients insured through a Medicare Supplemental plan. Specifically, the analysis examines the hypothesis that higher adherence, as proxied by the proportion of days covered (PDC), is associated with reduced costs and improved patient outcomes and quantifies the relationship between adherence and outcomes.
Data and methods
The Truven Health Analytics MarketScan ® Medicare Supplemental and Coordination of Benefits database supplied the data for this study. This database encompasses a geographically diverse population of Americans 65 years of age and older and contains patient demographics, enrollment information, and prescription drug, inpatient, and outpatient claims. The study data spanned the time period from July 1, 2009 through June 30, 2014. All data were fully de-identified and compliant with the Health Insurance Portability and Accountability Act. Given that the data is retrospective and fully de-identified, no institutional review board approval was required for the study as determined by the authors.
For inclusion in the study, patients were required to have received at least two diagnoses of T2D (International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] of 250.x0 or 250.x2) 25, 26 from July 1, 2010 through June 30, 2011 (ie, the identification window), and to have received at least one prescription for a GLA over the identification window, with the date of the first such prescription designated as the index date. Additionally, patients were required to be at least aged 65 years as of the index date and to have had continuous insurance coverage from 1 year before (the preperiod) through 3 years after (the postperiod) the index date, as well as valid patient demographic data. Patients were excluded from the analyses if they received any diagnosis of type 1 diabetes (ICD-9-CM of 250.x1 or 250.x3) at any time from the start of the preperiod through the end of the postperiod. Figure 1 illustrates how each of these criteria affected sample size.
The analyses focused on the relationship between patient adherence and outcomes, where adherence was proxied by the PDC. PDC is a measure of adherence utilized by both the Pharmacy Quality Alliance and the Centers for Medicare and Medicaid services, 27, 28 and in this study it was constructed in Furthermore, research has shown that for patients treated with monotherapy, PDC was the most conservative estimate of adherence among eight database measures constructed. 30 Database proxies for adherence have also been shown to be directly related to patient outcomes. 31, 32 Consistent with previous research, PDC was categorized into quintiles. 22 For all medications except insulin, PDC was constructed using the "days supplied" field provided in the database. For insulin, "days supplied" was calculated as the average number of days between fills for an insulin prescription. 33 Outcomes of interest included costs, acute-care resource utilization, and acute complications. Both all-cause and diabetes-related costs were calculated, where diabetes-related costs were based upon receipt of diagnosis of diabetes (ICD-9-CM of 250.xx) or of a GLA. Costs were subdivided into acute care (hospitalization and ER), outpatient, drug, and total categories, and all costs were converted to 2014 prices using the medical component of the consumer price index. In all cases, costs were calculated using gross payments to a provider for a service. Acute-care resource utilization was defined as the probability of a hospitalization or an ER visit, the number of hospitalizations or ER visits, and the hospital length of stay (LOS). Acute complications were identified based upon receipt of a diagnosis of hyperglycemia (ICD-9-CM of 790.29), hypoglycemia (ICD-9-CM of 250.8, 251.0, 251.1, or 251.2), or diabetic or hypoglycemic coma (ICD-9-CM of 250.3, 251.0).
Multivariable analyses were used to examine the relationship between outcomes of interest and patient adherence. All analyses controlled for the individual patient's characteristics (age, sex, region of residence, and insurance coverage), preperiod general health status, comorbidities, medication use, and providers. General health was proxied by the Charlson Comorbidity Index, 34, 35 while the severity of a diabetes complication was proxied using the Diabetes Complications Severity Index. 36 In addition, the models also included comorbidities that have been shown to be common in patients with diabetes and that were not captured in either the Charlson Comorbidity Index or Diabetes Complications Severity Index scores. Specifically, anxiety has been shown to be prevalent in patients with diabetes, 37 comorbid depression has been shown to be linked to nonadherence, 38 and hyperlipidemia has been used in previous studies which examined the relationship between adherence and outcomes. 39 Therefore, this study included indicator variables for preperiod diagnoses of anxiety (ICD-9-CM of 300.xx except 300.3x and 300.4x), depression (ICD-9-CM of 296.2, 296.3, 300.4, or 311.xx), and hyperlipidemia (ICD-9-CM of 272.1-272.4). The analyses also controlled for provider services in the 1-year preperiod, with indicator variables for visits to a cardiologist, endocrinologist, family medicine practitioner, internal medicine practitioner, or renal dialysis therapy. The analyses also controlled for the number and type of GLAs prescribed and overall medication used in the first 3 months of the postperiod. These factors were captured by indicator variables for insulin use, the number of non-GLA medications used, and the number of non-insulin classes of GLAs prescribed. The classes of non-insulin GLAs included α-glucosidase inhibitors, amylin analogs, biguanides, dipeptidyl peptidase IV inhibitors, glucagon-like peptide-1 receptor agonists, meglitinides, sodium-glucose transporter-2s, sulfonylureas, thiazolidines, and oral fixed combinations.
General linear models with a gamma distribution and log link were used to examine all-cause and diabetes-related outpatient, drug, and total costs. Two-part models were used to examine acute-care costs, where the first part captured the probability of an all-cause or diabetes-related acute-care visit and the second part estimated costs among users of the service. Resource utilization was examined by estimating negative binomial regressions for the number of hospitalizations, the number of ER visits, and hospital LOS. Logistic regressions were used to examine the probability of hospitalization, ER use, or acute complication.
As a test of the sensitivity of the results, all analyses were re-estimated twice. First, the medication possession ratio (MPR) was used as an alternative measure of adherence. The MPR, defined as the number of doses dispensed in relation to the dispensing period, 40 differs from PDC in that it does not have an upper bound of 1 as it allows for double-counting of medication coverage. Second, to control for the possibility of selection bias, an instrumental variables model 41 was estimated using copayments and coinsurance associated with GLAs prescribed in the first 3 months of the postperiod as instruments. Differences in the estimated outcomes were then examined by adherence thresholds. t-Tests were used to compare whether differences between any two quintiles were statistically significant, and a Bonferroni adjustment was used for multiple comparisons. All analyses were conducted using SAS, version 9.4 (SAS Institute Inc., Cary, NC, USA). Table 1 presents descriptive statistics for the 123,235 individuals in the study. The majority of the patients were male (52.83%), and the mean age was 74 years (standard deviation =6.23). Patients most commonly resided in the North Central (37.96%) or Southern (26.57%) regions of the country, and most were covered by comprehensive insurance (51.52%) or a preferred provider organization (29.20%). Nearly half of the patients visited a family (49.64%) or internal medicine (47.49%) physician in the preperiod, and they less frequently visited a cardiologist (30.04%) or endocrinologist (6.05%). Nearly one in eight patients (11.76%) received a prescription for insulin in the first 3 months of the postperiod, and patients were prescribed, on average, 1.38 non-insulin classes of GLAs and 6.14 non-GLA medications over this same time period. The majority of patients had a PDC of $80% (63.11%). The mean PDC for this patient population was 75.97%.
Results
Figures 2 and 3 focus on the association between adherence to GLAs and costs. The results shown in Figure 2 revealed that at higher adherence levels, all-cause acute care and outpatient costs declined significantly. For example, for patients with adherence ,20%, mean outpatient and acute-care costs were $28,086 and $32,340, respectively, while for patients with adherence $80%, these mean costs were $17,298 and $13,373 (P,0.005). All-cause drug costs were highest for those with the lowest and highest adherence levels, and these costs significantly increased once an adherence level of 20% or above was reached. Three-year, all-cause, total costs exhibited a similar pattern to acute-care costs and outpatient costs, with higher adherence levels associated with significant cost reductions. Specifically, over the 3-year postperiod, all-cause total costs declined monotonically from $73,009 (at adherence level PDC ,20%) to $57,887 (PDC $20%-,40%), $52,446 (PDC $40%-,60%), $48,284 (PDC $60%-,80%), and $44,185 (PDC $80%; all P,0.005). Diabetes-related costs, as shown in Figure 3 , generally exhibited the same pattern as all-cause costs. Namely, both diabetes-related acute care and outpatient costs significantly lessened at higher adherence levels, while diabetes-related drug costs increased once an adherence level of 20% was reached. As with all-cause total costs, diabetes-related total costs significantly decreased when moving from adherence threshold of PDC ,20% ($17,447) to PDC $60%-,80% ($12,716) (P,0.005). However, there was no statistically significant difference in diabetes-related total costs when comparing patients with PDC $60%-,80% to those with PDC $80% ($12,716 vs $12,788; P=0.1734).
While Figures 2 and 3 examine costs, Table 2 focuses on the associations among adherence, resource utiliza- 
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Boye et al tion, and complications. The results displayed in Table 2 revealed that, in all cases, higher adherence was associated with significant improvements in patient outcomes. Both the probability of hospitalization and the probability of an ER admission decreased monotonically as a function of higher adherence. For example, as adherence moved by quintiles from PDC ,20% to PDC $80%, the probability of hospitalization declined from 56.22% to 50.05%, 45.45%, 41.44%, and 37.43%, respectively (all P,0.001). Similarly, higher adherence levels were associated with significantly diminished number of hospitalizations, number of ER visits, and hospital LOS. Finally, over the 3-year postperiod, the likelihood of an acute complication also significantly decreased as adherence thresholds got higher, declining from 24.11% for patients with PDC ,20% to 13.02% for patients with PDC $80% (P,0.001).
Results were generally not sensitive to using MPR as an alternative measure of adherence or using an instrumental variable model. However, when utilizing instrumental variables, diabetes-related total costs were not significantly different when comparing patients with PDC $40%-,60% to those with PDC $80% ($13,023 vs $13,038; P=0.8377), while this difference was statistically significant in our primary analyses ($13,411 vs $12,788; P,0.005). Meanwhile, where the MPR model varied from the primary analysis, it amplified the benefits of GLA adherence, showing PDC to be the more conservative of the two measures. For instance, comparing results for adherence thresholds of MPR $60%-,80% to MPR $80% ($14,107 vs $12,320; P,0.0001), the diabetes-related total costs significantly decreased, whereas this difference was not statistically significant when PDC was used as the proxy for adherence ($12,716 vs $12,788; P=0.1734). Furthermore, when MPR was used as the adherence measure, there were fewer statistically significant differences in all-cause drug costs across alternative adherence thresholds, such that patients who had an adherence threshold of MPR 20%-,40% ($12,694) had all-cause drug costs that were not significantly different from patients at adherence thresholds of MPR 40%-,60% ($12,833 
Discussion
In support of earlier research, 17, 24 this study of older Americans with T2D demonstrated that higher PDC, used as a proxy for GLA adherence, was associated with substantially beneficial economic and humanistic outcomes. In addition, the present investigation furthered the previous literature through its broad scope (ie, a large sample size, all classes of GLAs, and a 3-year follow-up period) and relatively current, naturalistic data. Moreover, to ensure the reliability of the findings, this study employed a variety of methods, which ranged from re-estimating the analyses twice using alternative models to using a comparatively conservative proxy for adherence (PDC) and to controlling for a wide range of factors that may affect patient outcomes. Given all of these strengths, the following sections discuss the study results within the context of previous evidence.
All-cause and diabetes-related costs
Consistent with a number of previous investigations, 14, 17, [20] [21] [22] [23] the present study showed that higher GLA adherence rates were associated with extensive decreases in total medical costs.
Furthermore, as shown in earlier research, 42 these total cost reductions were driven by the lessening of acute-care costs related to higher adherence, even though higher adherence was associated with higher drug costs. Although diabetes-related drug spending tended to increase at higher adherence levels, these higher drug-related expenditures were more than offset by reductions in all other cost categoriesincluding decreases in other diabetes-related costs (acute care, outpatient, and total), as well as falloffs in all-cause acute care and all-cause outpatient spending. This evidence provides a strong value statement for GLA therapy and a persuasive financial incentive for older T2D patients to adhere to their GLA treatment regimen. Previous research has reported that higher GLA adherence is linked to larger cost savings for patients 65 years and older relative to younger adults. 17 Generally consistent with an earlier investigation, 22 another noteworthy observation from the present analysis was that all-cause costs decreased successively with every progression to a higher adherence quintile, whereas diabetesrelated costs decreased as adherence thresholds moved from PDC ,20% to PDC $60%-,80% and remained the same, in statistical terms, when comparing adherence thresholds of PDC $60%-,80% to PDC $80%. While the majority of patients had a PDC of $80%, higher adherence was associated with substantial cost savings. Comparing patients from the lowest (PDC ,20%) to the highest (PDC $80%) category of adherence was associated with all-cause costs savings of $28,824 over the 3-year postperiod, or $9,608 savings per year. However, even small changes in adherence were related to relatively large reductions in costs. For example, a 1% increase in adherence was associated with, on average, in all-cause cost savings of $65,464 among 1,000 patients, or $8,067,507 among all 123,235 individuals, over the 3-year postperiod.
Acute-care resource use
Supporting the findings of a number of earlier studies, [12] [13] [14] [15] [16] [17] this investigation also revealed a strong link between higher adherence and reduced use of acute-care resources. Specifically, comparing a patient in the least adherent quintile to one in the most-adherent quintile illustrates that the most-adherent patient would have an 18.79% reduction in the probability of a hospitalization, a 17.91% reduction in the probability of an ER visit, half the number of hospitalizations, half the number of ER visits, and approximately a third of the hospital LOS. Such a decreased use of acute care is consistent with the lower acute-care costs observed among the more adherent patients in this study. In turn, these lower acute-care costs were the major driver of the reduced total medical costs seen among those with higher adherence. For instance, over the 3-year postperiod, a patient in the most-adherent group had, on average, $18,967 lower acute-care costs relative to a patient in the least adherent segment, as compared to savings of approximately half that amount, or $10,788, in the outpatient cost category. These findings are consistent with national data, which have indicated that just one component of acute care, hospitalization, accounts for 43% of all diabetes-related costs and that individuals aged 65 years or older use more diabetes services in general and more inpatient days in particular compared to those younger than 65 years. 10 In addition to being a key contributor to total health care costs, acute care has significant humanistic implications. Unlike routine outpatient treatment and medication use, which indicate planned activities and forward momentum, acute care is often unpredictable and may be traumatic for patients. Moreover, acute care tends to have particularly adverse consequences for older adults. Specifically, in the 6 months after discharge from the ER, senior Americans have a high likelihood of ER readmission, hospitalization, loss of physical functioning and independence, and death. 43 Meanwhile, even short hospital stays can often lead to subsequent hospital stays or to long-term institutionalization for older patients, who are prone to muscle atrophy due to prolonged bed rest and acute illness contracted during hospitalization. 44 Furthermore, it has been suggested that disease-oriented and episodic models of ER care may not be adequate for older patients, who are often frail and have complex medical needs. 45 As such, the acute-care findings of the present study support survey-based evidence indicating that older diabetes patients with higher GLA adherence have less emotional distress and a better overall quality of life relative to their less adherent peers. 24 
complications
Guidelines for the management of diabetes among older individuals state that prevention and management of diabetesrelated complications should become a priority. 11 To this end, the present study focused on the relationship between adherence and acute complications, including hyperglycemia, hypoglycemia, and diabetic or hypoglycemic coma, among T2D patients. Particularly common among older T2D patients, 11 hypoglycemia, when severe, can lead to coma, stroke, bone fracture (caused by convulsions or a fall), or death. 45 Fears of hypoglycemia and its consequences have been reported to be a barrier to patient adherence to GLA therapy. 46 Contrary to such fears, as well as to previous literature reporting that GLA therapy is a risk factor for hypoglycemia, 45 ,46 the present findings suggest that higher adherence to GLAs among older T2D patients is associated with a lower rate of acute complications, including decreased odds of hyperglycemia, hypoglycemia, or diabetic or hypoglycemic coma. All differences across adherence quintiles were statistically significant, suggesting that even incremental improvements in adherence may substantially lower the risk of an acute complication. As an individual with fewer acute complications would likely require less acute care, these findings are consistent with the diminished need for acute care observed among this study's patients with higher adherence. In addition, these results generally support previous research that focused on other types of chronic complications (eg, microvascular or macrovascular disorders) and found that higher adherence was associated with diminished odds of developing such complications. 13, 18, 19 limitations The findings of this study must be interpreted within the context of the study limitations. The analyses were based upon observational health insurance claims data from a Medicare Supplemental database. As a result, the findings may not generalize to the population of all older patients. Second, adherence was not directly measured and, hence, was proxied by PDC. The use of PDC as a proxy for adherence is an indirect measure that fails to identify partial adherence and assumes that filling of a prescription corresponds to medication being taken according to prescription. Furthermore, our proxy for adherence is unable to capture any prescriptions taken outside of the insurance system and will not capture any discontinuations advised by the prescriber. Third, the use of diagnostic codes is not as rigorous as formal assessments and may have underrepresented certain conditions, such as hypoglycemia. Fourth, the analyses did not allow for an examination of complications or other outcomes over the long-term. Fifth, the use of claims data did not allow controlling for nondocumented factors, such as race, duration of diabetes, and socioeconomic class, any of which may also be associated with patient outcomes. Finally, the analyses focused on statistical significance and we were unable to determine whether differences in outcomes represented minimal clinically important changes.
Conclusion
In sum, in this study of older T2D patients with Medicare supplemental insurance, higher PDC, used as a proxy for adherence, was associated with substantially less need for acute care, as indicated by a lowered probability of hospitalization or ER use, as well as by a decreased number of hospitalizations, ER visits, and days hospitalized. This reduced use of acute-care services may be especially beneficial for older patients, given the frailty and the complex health status often found in this population. In addition, better adherence was linked to a lessened risk of an acute complication. Consistent with these findings, higher adherence was associated with decreased acute-care costs and outpatient costs, as well as lower total costs (all-cause and diabetes-related). While drug expenditures tended to increase with higher adherence, such escalations were more than offset by the reductions in the other cost categories. Furthermore, even small changes in patient adherence were found to have potentially large cost implications, with a 1% increase in adherence associated with cost savings of $65,464 for just 1,000 individuals, or $8,067,507 for the entire population, over the 3-year postperiod. The results of this study suggest higher adherence among older T2D patients is associated with significant economic and humanistic benefits.
